DISCUSSION ON THE TRANS CRYSTALLINE INTERPHASE ORIGIN
When a thermoplastic polymer/filler system is cooled from the melt, the crystallization phenomena in the interfacial zone strongly depend on the superficial properties of the reinforcing material, and on the processing conditions. If the nucleating ability of the filler surface is greater than that of the bulk polymer (no other nucleating agents present in the polymer, elimination of the thermal history, ...), a crystalline superstructure (so-called transcrystalline phase III) may appear in the vicinity of the filler, different from the bulk spheralitic superstructure. This is particularly the case for isotactic polypropylene in the presence of numerous natural textile fibres (jute, cotton, ...), manmade fibres (PA66, PET, ...), or metallic fibres 12-51 (see photo 1). On the contrary, in the presence of glass fibres, the superficial nucleation is too low, and there is no spontaneous occurrence of a transcrystalline phase 161. However, if a shear stress is applied at the fibre/ matrix interface during the cooling of polypropylene from the melt, a crystalline superstructure similar to a transcrystalline phase may develop in the vicinity of the glass fibre. In this case, its origin is no longer directly due to the nucleating ability of the filler surface, but it is related to the movements and entanglements of the macromolecular chains, due to the shearing. Hence a certain number of zones become ordered, reaching a critical volume and free enthalpy, so that they become homogeneous crystallization nuclei. The occurrence and degree of the transcrystallization will depend on the shear stress intensity and on the temperature at which it is applied 111. Moreover, the presence of a transcrystalline interphase may have a significant role for the further mechanical properties of the composite material /8-10/.
The polymer transcrystallization inducing ability of a fibrous or particulate material, or of a mould inner wall, is reported in numerous publications for various polymer/substrate combinations. Despite the number of results available in the literature, and the numerous parameters investigated concerning the origin of transcrystallization, it has never been possible to predict the crystallization behaviour of a thermoplastic matrix on a fibre surface. Amongst the factors supposed to promote a spontaneous transcrystallization, the superficial chemical characteristics of the reinforcing material, its textural and physical properties, the fibre surface energy, and the existence of self-generated interfacial stresses have all been cited in the literature.
The chemical interactions which can develop between a substrate and a molten or supercooled polymer have been investigated in order to determine their contribution to the transcrystallization phenomenon. On this subject, parameters have been considered such as the similarity of chemical structures of the materials present, the behaviour modifications due to fibre coatings, and the influence of diffusion phenomena of bulk heterogeneities /11-17/.
Similarly, the superficial texture of the reinforcing fibres appears to be an important parameter for the occurrence of nucleation. This factor is investigated according to different aspects: the substrate crystallinity, or the existence of superficial accidents implying cracks or steps of adequate length, may be able to orient the matrix macromolecules and to create nuclei with supercritical size /13,16,18-27/.
On the other hand, the existence of thermal gradients at the fibre/matrix interface can play a major role in the development of a transcrystalline interphase. It is easily understood that an eventual temperature difference between the two materials will strongly influence the crystallization after contact of the supercooled polymer with the fibrous substrate or with the mould wall. In fact, if the reinforcing material or the mould stays at a temperature lower than the bulk polymer, the latter will have a tendency to nucleate first in the colder zone, and with a greater density than at higher temperatures. However, if the differences in thermal conductivities between a fibre and a polymer have a strong influence /28/, then this cannot explain the occurrence of the transcrystallization phenomenon in all systems. Evidence is not shown for a thermal gradient in a polypropylene/cellulose fibre couple, whereas a very important transcrystallization occurs 111. Moreover, studies concerning the effect of cooling rates on surface morphologies during moulding, show that a thermal gradient is not sufficient in itself for the transcrystallinity development in polypropylene /12/.
The influence of the substrate surface energy has often been raised, and also shows numerous contradictions. this parameter is one of the earlier supposed to be responsible for the transcrystallization phenomenon. Indeed, the heterogeneous nucleation and the crystallization of supercooled polymers on high energy surfaces (metals, metal oxides, ...) promote marked changes in the morphology /29/. The fact that high surface energies may induce the transcrystallization in thermoplastic materials is confirmed for numerous systems /30-32/, even though it has been considered that this high energy may promote the inverse effect /28/: the substrate may indeed easily adsorb impurities which will inhibit the nucleation process /33/. However, the importance given to the surface energy parameter is greatly contested in the literature. For example, Fitchmun et al. /34/ ascertain the polypropylene transcrystallization in the presence of a low superficial energy substrate (PET), whereas with a strong energy aluminium oxide, no transcrystallization occurs, even if the nucleation density is quite high. These results have been confirmed many times for various systems /2,25,35/.
Finally, an aspect of the transcrystallization phenomenon which seems privileged at the present time, concerns its occurrence after the application of an interfacial mechanical stress. This is a well known result used by some authors to explain the transcrystallization without intervention of external stresses. In these conditions, the stresses needed can be self-generated in the sample during the cooling from the melt in adequate conditions /36/, for instance in the case of a bubble submitted to a thermal shock in the material. So, an important transcrystallization is observed on the surface of gas bubbles /37/ or acetone or water steam /38/ when the cooling rate is sufficiently high. The stresses generated promote the molecular orientation, the decrease in entropy, and thus an increase in supercooling /16/, which favours the nucleation. On the contrary, if the cooling rate is low, no particular orientation occurs because of the relaxation of the polymer molecules /39/. Due to the relatively low restraints of the semi-crystalline polymers, the interfacial stresses may be applied over very short times to be most efficient /40/. Moreover, the role of the selfgenerated stresses may explain that there exists an upper transcrystallization temperature in isothermal conditions /41/. In the latter case, the surfusion is too low to allow the development of interfacial stresses sufficient for macromolecular orientation. Thomason et al. have established that fibres with a negative axial thermal expansion coefficient greater than -0.5 10" 6 K"
1 favoured the polypropylene transcrystallization.
These stress effects developed by differences in thermal expansion coefficients may be related to stresses created during processing. Thus, the field of local stresses is modified, and the molecular conformation of the matrix does not totally relax before the cooling occurs /42/. Blundell et al. /43/ have used a technique of permanganic etching which preferentially dissolves the amorphous zones of a PEEK/carbon fibre composite material. They have shown that the solution penetrates at the fibre/matrix interface, confirming an interfacial decohesion due to differences between the thermal expansion coefficients of the two materials present. The existence of interfacial voids seems to confirm the macromolecules orientation by self-generated stresses. However, despite all of these convincing arguments, the experimental evidence is insufficient in numerous cases. Huson et al. /44/ admit that a differential contraction cannot promote transcrystallization by itself, because the aluminium for instance, which may induce strong interfacial stresses, is not active for polypropylene. On the contrary, PET or polyamide 6 fibres promote the polypropylene transcrystallization, despite their similar thermal expansion coefficients /16/. We also believe that this hypothesis is not well adapted to all the polymer/substrate combinations giving rise to a transcrystallization. Fast cooling indeed tends to inhibit the superficial nucleation by favouring the bulk nucleation. Moreover, the particular case of polypropylene may give interesting complementary information. The polypropylene can be found with different crystalline forms depending on its thermo-mechanical conditions of processing 111. A hexagonal crystallographic form called β, may particularly appear after the application of mechanical stresses in the supercooled polymer in a large range of temperatures. This kind of crystalline phase, easily observable in polarized light optical microscopy, is never obtained during transcrystallizations in the quiescent state. So, experiments carried out in the presence of substrates active towards polypropylene, of isothermal crystallizations in the domain suitable for the occurrence of the β form, only show the development of an α transcrystalline phase. This fact is largely confirmed in the literature /45/, and therefore brings into doubt the only explanation of transcrystallization by selfgenerated interfacial stresses.
This discussion concerning the origin of the transcrystallization phenomenon in a great number of thermoplastic matrix based composites reveals the complexity of the process. It is noted that none of the parameters envisaged is sufficient to describe the whole mechanism and that, more probably, it is necessary to combine several of them.
The present article is concerned with transcrystallization phenomena without mechanical stresses. The case of glass substrates is particularly important because it does not give rise to a spontaneous transcrystallization by itself in the quiescent state, even after chemical degradation (only an increase of nucleation). The trials presented here tend to modify the nucleation density by varying the glass surface energy. For this investigation, we have used an isotactic polypropylene supplied by Appryl (ref. 61400 AP) with the following characteristics:
Melt Flow Index (230°C/2.16 kg) = 3.3 g/10 min This material is well suited to crystallization studies.
INFLUENCE OF THE PARAMETERS SURFACE ENERGY AND SUPERFICIAL TOPOGRAPHY
We have mentioned that the literature data concerning the role of reinforcing material surface energy for the growth of an interfacial transcrystalline phase leads to contradictory results. Some authors indeed show that high energy substrates greatly favour the transcrystallization, whereas low energy ones tend to limit the phenomenon. Inversely, PTFE substrates for instance, having very low superficial energy, generally promote a very strong nucleation of the polypropylene at their surface. In the same manner, it is well known that a glass surface, just after cleavage, possesses a high energy, but is very sensitive to water. Thus, its surface energy may be variable, without developing the phenomenon. Nevertheless, all the investigations on this topic neglect some important points:
• The only parameter considered is "surface energy", whereas the general characteristics of the fibres are different: so, the evolution of the superficial energy is never considered independently with the other factors. The substrate nature and its superficial texture characteristics are not considered, although they might be related to this parameter.
• The wetting of the reinforcing material by the molten polypropylene is affected by the surface energy of the substrate. A strong energy will favour a good fibre impregnation whereas a low energy tends to limit the contact with the molten polymer. Due to this fact, the contact surface between the polypropylene and the substrate is modified, and it is not possible to describe the intrinsic influence of the surface energy.
These various considerations are rarely taken into account in the experiments, and we have decided to study the surface energy parameter by eliminating other influencing factors.
In order to isolate the surface energy parameter, we have chosen to use a two-dimensional model, for which
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the control of this value is simplified. The necessary conditions for a rigorous measure are a strictly equivalent surface state, and a comparable physicochemical nature of the substrates. For this reason, glass slides have been treated with different organosilanes in order to obtain a range of surface energies sufficiently broad to understand the influence of this parameter. The polypropylene under investigation is then inserted between two identically treated slides, and the polymer nucleation density is measured by a precise calculation of the number of spherulites growing on the slide surface, during cooling at 0.2°C/min. Using treated glass slides rather than fibres gives a better control of their superficial energies and a more rational quantification of the number of nucleation sites on their surface. However, it is necessary to distinguish the nuclei appearing on the slides surfaces and those growing in the bulk polymer. So, in order to avoid a too strong bulk nucleation, the polymer is molten between two treated slides under high vacuum. Moreover, these processing conditions enable a homogeneous contact between the polymer and the substrate to be obtained, and an equivalent wetting for all the systems to be attained, avoiding the risk of oxidation.
Slides Treatment and Superficial Energy Control
The glass naturally possesses a strong surface energy. Thus, the adsorption of water or pollutions is facilitated and the surface may become very heterogeneous. The treatment of the glass slides by various silanes gives a homogeneous superficial energy, and it is possible to rigorously control its value. Silanes are capable of forming strong chemical bonds with glass, and they polymerize to give a monomolecular coating. The existence of covalent bonding allows a high temperature use with conservation of the superficial properties during the polypropylene crystallization from the molten state. Three kinds of products have been selected depending on their different surface energy characteristics:
• Tridecafluoro-l,l,2,2-tetrahydrooctyl-l-triethoxysilane is a strongly fluorated silane with the following formula: 
The fact that its carbon chain contains many fluorine atoms confers a very low surface energy to the coating. Henceforth, this molecule will be referred to as FS.
• 3-mercaptopropyltrimethoxysilane (A189)
•γ-aminopropyltriethoxysilane (Al 100)
The reproducibility of the measurements, and their agreement with the theoretical data, demand a rigorous experimental procedure for the glass treatment, preliminary to polymer crystallization. Each coating is diluted in ethanoic alcohol (1%) at room temperature. The glass slides are carefully cleaned before treatment, and are also submitted to numerous washings after their immersion in the silane solution and the polymerization of the coating, in order to obtain a homogeneous sizing.
The surface energy of the substrates treated is measured by the drop method, determining the angle θ between the glass slide and a liquid with a known superficial tension. The relation between θ and the surface energy of the solid is obtained by applying Owens' theory /46/. The measurement method and its interpretation by Owens are particularly pertinent because of a simple processing and a correct comparison of the different results. The results obtained by this method for the three kinds of silanes used are presented in Table 1 .
Measurements of the polypropylene nucleation density on the treated slides
The polypropylene studied is deposited in the shape of a film between two identical slides, firmly held together by clips. The three samples are placed on a heating plate, and the whole system is thermally treated under high vacuum. In order to obtain a homogeneous heating of the samples, the slides are embedded in an aluminium sheet which ensures the thermal conductivity from the heating plate (Fig. 1) . The system is maintained under a vacuum of 10" 5 to 10" 6 Torr, and the temperature is increased to 200°C. After reaching the polymer melting point, the sample is slowly cooled to room temperature, then brought back to atmospheric pressure.
For each sample, a surface of 228 mm 2 is considered, and the number of spherulitic nuclei is determined. The results are presented in Table 2 , and are reported in Figs. 2 and 3 . Moreover, the polypropylene film after crystallization in the same conditions possesses the following superficial energies: Figures 2 and 3 show that the strong energies have a tendency to increase slightly the nucleation density, but it is not possible to define clearly a constant variation of the polymer nucleation density with the surface energy. Similar experiments have been carried out with gold treated glass slides, where the superficial nucleation density is comparable, despite the very high surface energy of the substrate. However, these results are disputable because of the very poor adhesion of gold on glass. Moreover, a significant dispersion of nucleation densities is shown for the same sample. Therefore, it is difficult to conclude on a major role of the substrate surface energy for the polypropylene nucleation, and thus for its transcrystallization.
Interpretation of the Results and Discussion
However, the role of the surface energy cannot be definitively eliminated in the transcrystallization phenomenon. Indeed, the surface energy of the reinforcing material gives a more or less efficient wetting by the molten polymer. In fact, this process can be summarized by attraction or repulsion phenomena of the macromolecular chains to the filler surface. The strong energies, greater than the superficial tension of the molten polymer, favour the wetting. Thus, coupled with other superficial characteristics of the reinforcing material such as porosity, the surface energy may 20
Ys (mN-m-'l favour the macromolecular orientation and the creation of nuclei preliminary to the crystallization. We have shown 16/ that the modification of the surface texture of glass fibres by different chemical treatments strongly influences the nucleation density of polypropylene at the interface. It is therefore useful to combine the surface energy and superficial texture of the parameters in order to explain the transcrystallization. Finally, this hypothesis shows that either a strong surface energy or a low one can promote the nucleation, and then play an important role in transcrystallization.
PREVISIONAL STUDY OF THE CRYSTALLINE MORPHOLOGY IN THE VICINITY OF THE INTERFACE -TWO-DIMENSIONAL SIMULATION
In the case of polypropylene matrix/fibres systems giving rise to a spontaneous transciystalline interphase (PP/cellulosic fibres, PP/man-made fibres,...), it is confirmed that, in the lack of interfacial mechanical stresses, the transcrystalline superstructures have an α monoclinic crystallographic network /45/. Moreover, the spherulites growing in the bulk supercooled polymer exist also in the α form. During a nonisothermal processing of a polypropylene matrix based composite material (cooling with a constant rate), the α form crystalline superstructures have growth rates which are exponential functions of temperature or time /47/. Hence, the evolution of the growth radii Ra of an α entity (cylindrite or spherulite) follows an equation such as: , , .. , ,o ,. Ra = e (at-b)._ e 0ita-b) where t is the time, a and b are coefficients depending on the cooling rate, t° is the time taken for the considered α entity to appear.
During a constant rate cooling φ from the molten state (200°C), the time origin to is arbitrarily chosen at the beginning of the cooling at 200°C. In these conditions, it is possible to determine experimentally the values of the coefficients a and b depending on the cooling rate. For the polypropylene we have used, these values are given in Table 3 .
In a two-dimensional simulation, a bulk spherulite behaves as an exponentially growing disk, whereas the cylindrite is represented by a straight line at a given time t. If an α bulk spherulite is considered, located at a distance L from the fibre, the boundary lines between the spherulite and the transcrystalline interphase follow 
in an (X,Y) axis system where the ordinate axis is the fibre direction, t° is the appearance time of the cylindrite in the interfacial area, and t° is the time taken for the bulk spherulite to appear. Figure 4 shows the particular case of a cooling rate of φ = 2°C/min, where a cylindrite generated at Τ = 140°C (t = 30 min) meets an α bulk spherulite generated at Τ = 132°C (t = 34 min) at a distance L = 50 μτη from the fibre. This concept can be generalized by multiplying the number of spherulites appearing in the bulk polymer. Using a statistical distribution of the number, the appearance times, and the location of these spherulites, it is possible to predict the whole crystalline morphology in the composite material. In order to achieve this, it is also necessary to calculate the boundary lines between the spherulites. If we consider two α bulk spherulites with respective coordinates (Χ;, Υ;) and (Xj, Yj) in a two dimensional presentation, respectively generated at times t° andt The solution of this system is simple only if = t° , that is to say when the two spherulites are nucleated at the same time. In these conditions, the spherulite/spherulite interface is simply a straight line. On the contrary, in all the other cases, the system Fig. 4 :
Simulation of the boundary line between an α bulk spherulite and an α transcrystalline phase during a cooling at 2°C/min. solution depends on time, and we will use increments of time in order to obtain the matrix morphology in the vicinity of the growing α transcrystalline interphase (see Fig. 5 ).
CONCLUSION
The results obtained show that, even if a quantification remains problematic, the parameters such as the surface energy coupled with the superficial texture may have a certain importance. The existence of steps or porosities with an appropriate size allows a beginning of orientation of the macromolecular chains, and can generate active nucleation germs which may promote a Glass fibre Fig. 5 :
Generalization of the boundary lines between an α transcrystalline phase and α bulk spherulites.
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crystalline development. The organization of the polypropylene molecules near the surface of the filler is favoured by local movements in the vicinity of the polymer/substrate interface, which themselves are generated by the surface energy parameter. Moreover, the latter is very interactive with the superficial porosity, and only an appropriate combination of these two parameters will give rise to a nucleation of the transcrystallization. In addition, we have shown that it was possible to predict with a certain degree of confidence the global morphology in a composite material (spontaneous transcrystallization). This aspect has a major importance concerning the further mechanical behaviour of the material.
